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UrbanizationUrban animals inhabit an environment considerably different than do their non-urban conspeciﬁcs, and
to persist urban animals must adjust to these novel environments. The timing of seasonal reproductive
development (i.e., growth of gonads and secondary sex organs) is a fundamental determinant of the
breeding period and is frequently advanced in urban bird populations. However, the underlying mecha-
nism(s) by which birds adjust the timing of reproductive development to urban areas remain(s) largely
unknown. Here, we compared the timing of vernal reproductive development in free-ranging urban and
non-urban male Abert’s Towhees,Melozone aberti, in Phoenix, Arizona, USA, and tested the non-mutually
exclusive hypotheses that earlier reproductive development is due to improved energetic status and/or
earlier increase in endocrine activity of the reproductive system. We found that urban birds initiated tes-
ticular development earlier than non-urban birds, but this disparity was not associated with differences
in body condition, fat stores, or innate immune performance. These results provide no support for the
hypothesis that energetic constraints are responsible for delayed reproductive development of
non-urban relative to urban male Abert’s Towhees. Urban birds did, however, increase their plasma
luteinizing hormone, but not plasma testosterone, earlier than non-urban birds. These ﬁndings suggest
that adjustment to urban areas by Abert’s Towhees involves increases in the endocrine activity of the
anterior pituitary gland and/or hypothalamus earlier than non-urban towhees.
 2015 The Authors. Published by Elsevier Inc. This is an open access article under theCCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Urbanization profoundly alters ecosystems and produces envi-
ronments that differ considerably from non-urban areas. Urban
areas are characterized by a high proportion of impervious surface
(i.e., buildings, roads, etc.), high human density (Nakwa et al.,
2008), elevated levels of noise (Halfwerk and Slabbekoorn, 2013)
and artiﬁcial light (Gaston et al., 2013). Furthermore, urbanization
modiﬁes primary productivity (Buyantuyev and Wu, 2009; Imhoff
et al., 2004), food abundance (Cook and Faeth, 2006), and ambient
temperature (Imhoff et al., 2010). For urban animal populations to
persist, they must adjust to these modiﬁed environmentalconditions. As urban spaces are the most rapidly expanding habitat
type worldwide (Grimm et al., 2008), the potential impact of
urbanization on biodiversity is considerable. There is, therefore,
an urgent need to understand the mechanisms responsible for
adjustment to these new habitats.
A consistent effect of urbanization on bird populations is an
advancement of the timing of seasonal gonadal development
(Deviche et al., 2010; reviewed by Deviche and Davies, 2014;
Partecke et al., 2005). Although this phenomenon appears to be
widespread, a lack of mechanistic studies means that the underly-
ing mechanism(s) remain(s) largely unknown. Most animals have
distinct seasonal breeding periods that are synchronized with opti-
mal environmental conditions to maximize ﬁtness (Visser et al.,
2006; Williams, 2012). For many vertebrates, including most birds,
the transition from the non-breeding to the breeding life history
stage is associated with extensive physiological and morphologicalteiniz-
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ductive hormones and gonad size, respectively (Murton and
Westwood, 1977; Williams, 2012). Reproductive development, in
particular growth of the gonads and secondary sex organs, is a fun-
damental determinant of the breeding period. Hence, it may be
advantageous for urban birds to adjust the timing of reproductive
development to local environmental conditions.
The timing and/or rate of reproductive development have the
potential to be modulated by the activity of the hypothalamo–pitui
tary–gonadal (HPG) axis through changes in hormone secretion,
hormone carrier protein concentrations, and hormone receptor
densities. The HPG axis begins with the hypothalamus, the site of
production of gonadotropin-releasing hormone-I (GnRH-I; Sharp
and Ciccone, 2005). Gonadotropin-releasing hormone-I stimulates
the release of the gonadotropins luteinizing hormone (LH) and
follicle-stimulating hormone (FSH) from the anterior pituitary
gland (Kuenzel, 2000). Gonadotropins initiate gonad development,
gametogenesis, secretion of the sex steroids (testosterone (T) and
estradiol (E2) in males and females, respectively), and expression
of reproductive behaviors (Deviche et al., 2010; Murton and
Westwood, 1977). The activity of the HPG axis is determined by
information provided by a suite of environmental cues that can
predict future conditions (Dawson, 2008). In seasonally breeding
birds, the annual change in day length (photoperiod) is the initial
predictive cue used to begin reproductive development. As
changes in day length at a given latitude are constant from year
to year, birds use a host of supplementary cues, such as ambient
temperature (Schaper et al., 2012b) and food availability (Davies
and Deviche, 2014; Hahn et al., 2005), to ﬁne-tune development
to a given year’s conditions. Urbanization potentially modiﬁes
some or all of these non-photic cues. In particular, urbanization
potentially creates differences in food availability between urban
and non-urban areas. For example, in Phoenix (Arizona, USA),
where the present study was conducted, urbanization is associated
with an earlier seasonal growth of plants (Buyantuyev and Wu,
2009, 2010), as well as increased arthropod abundance (Cook and
Faeth, 2006).
Understanding the mechanism by which food availability inﬂu-
ences seasonal reproductive development is complicated by the
fact that food may provide both environmental information (i.e.,
an abundance of food could signal optimal conditions via physio-
logical pathways independent of energetics; O’Brien and Hau,
2005; Watts and Hahn, 2012) as well as inﬂuence energetic status
(via effects on food consumption; Davies et al., 2015; Hahn et al.,
2005). Within the window of opportunity for reproductive devel-
opment governed by day length, a bird’s energetic status, deﬁned
as the amount of available energy stores, is thought to constrain
the timing of reproductive development (Hahn et al., 2005;
Meijer and Drent, 1999). Life history theory posits that when
resources are limited there is a resource allocation trade-off
between reproduction and self-maintenance, in which allocation
into reproduction comes at a cost to somatic processes, such as
immune function (Stearns, 1989; Zera and Harshman, 2001). If
urbanization affects food availability (see above), this may lead
to differences in energetic status between urban birds and their
non-urban conspeciﬁcs, and, in turn, a disparity in reproductive
development, energy stores, and investment into somatic pro-
cesses, such as innate immunity, between urban and non-urban
populations.
We compared the timing of reproductive development in urban
and non-urban male Abert’s Towhees, Melozone aberti, in Phoenix,
Arizona and tested the non-mutually exclusive hypotheses that (1)
earlier reproductive development is due to improved energetic sta-
tus and/or (2) earlier increase in endocrine activity of the repro-
ductive system. We predicted that urban towhees would develop
their testes and cloacal protuberance (CP, anPlease cite this article in press as: Davies, S., et al. Advanced seasonal reproduct
ing hormone rise but not energetic status. Gen. Comp. Endocrinol. (2015), httpandrogen-dependent secondary sexual characteristic) earlier than
non-urban conspeciﬁcs. Furthermore, we compared endocrine
activity of the HPG axis between these populations and predicted
that plasma LH and T, hormones essential for reproductive devel-
opment and male reproductive function (Deviche et al., 2010),
would rise earlier in urban than non-urban birds. If urbanization
increases food availability, we also predicted that urban male
towhees would have greater endogenous fat stores, be in better
body condition (i.e., body mass corrected for body size), and have
higher innate immune function compared to non-urban birds.2. Methods
2.1. Study species
Abert’s Towhees, M. aberti, are common in riparian woods and
marshes of the Sonoran Desert and also throughout the Phoenix
Metropolitan area, particularly in urban yards (Rosenberg et al.,
1991). They consume a variety of foods including arthropods and
seeds, but arthropods are thought to dominate the diet in all sea-
sons (winter: 73%; summer: 96%; Rosenberg et al., 1991). In urban
areas, this species will also consume a wide variety of
human-provided food (S. Davies, pers. obs.). Abert’s Towhees are
sedentary, form life-long pair bonds, and hold a permanent terri-
tory (1.5–2 ha; Rosenberg et al., 1991). Captive studies indicate
that males are photoperiodic and develop their reproductive sys-
tem in response to increasing day length (S. Davies, unpublished
data). Free-ranging towhees can have multiple broods in a given
breeding season and active nests have been found from February
to September (Tweit and Finch, 1994). Most brood attempts occur
during spring and the number of active nests and CP width
increase substantially during March and peak in April (Tweit and
Finch, 1994). Breeding during the summer is dependent on mon-
soon rainfall (Tweit and Finch, 1994), suggesting that, in addition
to day length, this species modulates its reproductive activity
based on the use of supplementary environmental cues.2.2. Study sites
To investigate the effect of urban areas on vernal development
of the reproductive system, we compared adult male Abert’s
Towhees from six urban and four Sonoran Desert localities in
Maricopa County, Arizona (Davies et al., 2013; Fig. 1; Table 1).
Urban localities were distributed throughout the Phoenix
metropolitan area: in the cities of Phoenix (320 m above sea level
[m.a.s.l.]; latitude: 33250N; longitude: 112040W), Gilbert
(242 m.a.s.l.; latitude: 33210N; longitude: 111440W), and Tempe
(357 m.a.s.l.; latitude: 33260N; longitude: 111560W), and include
the Arizona State University Tempe campus, residential housing,
city parks, and riparian areas adjacent to the Salt River. Desert
localities were Robbins Butte Wildlife Area (247 m.a.s.l.; latitude:
33190N; longitude: 112380W), Powers Butte Wildlife Area
(242 m.a.s.l.; latitude: 33180N; longitude: 112430W), and the con-
ﬂuence of the Agua Fria and Gila Rivers (278 m.a.s.l.; latitude:
33230N; longitude: 112210W). On average, desert study sites
were 9 km from the nearest urban area (i.e., Buckeye, AZ) and
61 km from urban study sites. These desert locations border the
Gila River and the vegetation is characteristic of the Sonoran
Desert, including mesquite (Prosopis spp.), palo verde (Parkinsonia
spp.), saltbush (Atriplex spp.), creosote (Larrea tridentata), white
bursage (Ambrosia dumosa), and willows (Salix spp.). These areas
also contain dense thickets of invasive salt cedar (Tamarix spp.)
and, in the case of the Robbins Butte and Powers Butte areas,
retired agricultural lands.ive development in a male urban bird is reﬂected in earlier plasma luteiniz-
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Table 1
The location and the proportion of impervious surface, vegetation, and open water for each of the study sites sampled. We also provide a qualitative description of the
predominant land use type for each of the urban sites.
Site name Latitude Longitude Predominant urban habitat type Impervious surface Vegetation Open water
Urban Arizona State University Campus 33250N 111560W Residential 51.2 29.3 0.3
Gilbert Riparian Preserve 33210N 111440W Urban park 19.9 40.5 5.3
Indian Bend Wash 33260N 111540W Industrial 35.8 17.9 17.3
Lo Piano Habitat 33260N 111560W Urban park 29.5 15.0 15.5
Rio Salado 33250N 112040W Industrial 45.9 8 1
West Tempe 33250N 111570W Residential 50.7 17.5 0.1
Non-
urban
Conﬂuence of the Agua Fria and Salt Rivers 33230N 112210W – 0.3 31.4 20.4
Powers Butte 33180N 112430W – 0.0 41.2 4.9
Robbins Butte (east) 33190N 112370W – 3.3 37.2 20.0
Robbins Butte (west) 33190N 112390W – 0.0 35.8 11.2
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To classify the land use and land cover (LULC) around our study
sites, we obtained LULC data within a 1 km radius of each study
site from the Central Arizona-Phoenix Long-Term Ecological
Research program database (Li et al., 2014). Brieﬂy, this database
uses high spatial resolution, 4 band aerial photography from the
National Agricultural Imagery Program (NAIP) and classiﬁes LULC
to a resolution of 1 m2 using object-based image analysis (OBIA).
Each square meter was classiﬁed as one of the following 12 LULC
types: building, road, soil, tree, grass, shrub, cropland, fallow, lake,
canal, swimming pool, or seasonal river. These types were then
grouped into categories of ‘impervious surface’ (i.e., building and
road), ‘vegetation’ (i.e., tree, grass, shrub, cropland, and fallow),
and ‘open water’ (i.e., lake, canal, swimming pool, and seasonal
river).2.4. Bird capture and blood collection
We caught adult male Abert’s Towhees using a mist net and
playback of conspeciﬁc song and ‘squeal duets,’ a vocalization used
by both males and females presumably to strengthen pair bonds
(Tweit and Finch, 1994). The time of capture ranged from 05:45
AM to 11:30 AM (mean capture time: urban = 07:41 AM;
desert = 07:46 AM PST). The study was conducted between
January and May in 2011 and 2012. In total, we sampled 79
towhees (n = 37 urban and 42 desert), and any given individual
was sampled only once during the study. We determined sex and
age based on behavior (singing and territorial aggression only in
males; Tweit and Finch, 1994), skull pneumatization, and morphol-
ogy (developed CP only in adult males, incubation patch only in
adult females). To quantify plasma LH and T, we collected a blood
sample (maximum 300 ll) from the right jugular vein using a
heparinized 0.3 cc syringe with a 29.5 gauge needle. Although
the duration of song playback has been shown to be unrelated to
plasma T in these populations of Abert’s Towhees (Fokidis et al.,
2011) and other Sonoran Desert songbirds (Deviche et al., 2006),
in many vertebrate species, including multiple species of birds,
the stress of capture and handling causes a rapid decrease in
plasma levels of this hormone (Deviche et al., 2012b). Therefore,
we collected samples within 3 min of capture to represent initial
(i.e., pre-stress) values. Samples were placed on ice until cen-
trifuged for 10 min at 10,000 rpm later the same day (within 8 h)
and the plasma was harvested using a Hamilton glass syringe.
We stored samples at 80 C until assay. All experimental proce-
dures were approved by the Arizona State University
Institutional Animal Care and Use Committee and conducted under
appropriate scientiﬁc collecting permits issued by the Arizona
Game and Fish Department and the US Fish and Wildlife Service.Please cite this article in press as: Davies, S., et al. Advanced seasonal reproducti
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Following blood collection, we measured body mass (±0.5 g),
tarsus length (±0.1 mm), and CP width (±0.1 mm). Body mass and
tarsus length were linearly related (linear regression: r2 = 0.13,
P = 0.001), so we used these parameters to calculate body condi-
tion following the scaled mass index approach (Peig and Green,
2009). Body condition is generally assumed to reﬂect the energy
stores of an individual; however, this assumption may not hold
in all cases and direct measures of energy stores may be a more
accurate estimate of energetic status (Wilder et al., 2015). To that
end, we also quantiﬁed fat stores by visually inspecting the amount
of furcular fat and assigned a score of 0–5 (a score of 0 representing
no fat, 5 representing bulging fat deposits). Scaled mass index and
fat score were positively related (Spearman’s rank-order correla-
tion: r2 = 0.40, P < 0.001), suggesting that scaled mass index is a
measure of the energetic state of an individual (Peig and Green,
2009). Following an injection of analgesic (Meloxicam; 0.1 mg/kg)
into the left pectoral muscle, we measured left testis length and
width (±0.5 mm) via unilateral laparotomy. Brieﬂy, the bird was
restrained to a working surface and the feathers on the left ﬂank
were dampened with 70% alcohol to move them out of the surgical
ﬁeld. We swabbed the surgical ﬁeld with betadine and then topi-
cally applied lidocaine anesthetic (Akorn, Lake Forest, IL, USA)
before making a small incision between the last two ribs to expose
the left testis. Testis length and width were measured by position-
ing the tips of forceps at each end of the testis. Volume of the testis
was calculated from the formula for an ovoid sphere: V = 4/3 pa2b,
where V is volume, a is the radius of the testis at its widest point
and b is half the long axis. All fat scores and testis measurements
were made by the same observer (SD). After the procedure, we
closed the incision using cyanoacrylate adhesive (3 M, St. Paul,
MN, USA) and applied a topical antibiotic (Alpharma, Baltimore,
MD, USA). Each bird then received a uniquely numbered aluminum
US Geological Survey leg band and was released at the capture site.
2.6. Innate immunity assay
To assess immune performance, we quantiﬁed lytic and agglu-
tination capacity using the hemoagglutination-hemolysis assay.
We modiﬁed a previously described protocol that quantiﬁes the
most dilute plasma concentration that can lyse and agglutinate for-
eign red blood cells, and has been used in Abert’s Towhees (Butler
et al., 2013). This assay quantiﬁes two aspects of the innate
immune system and is an ideal candidate to test habitat-related
intraspeciﬁc differences in immune performance for two reasons.
First, it does not rely on a single, antigen-speciﬁc response in indi-
viduals that may have been exposed to different antigens. Second,
it is the primary method of host defense for most vertebrate taxa
(Litman et al., 2005). We serially diluted 30 ll of each plasmave development in a male urban bird is reﬂected in earlier plasma luteiniz-
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along rows of round bottom 96-well plates. As a negative control,
the ﬁnal well of each row contained only PBS. We then added
10 ll of 50% heparinized whole sheep blood diluted 1:100
(HemoStat Laboratories, Dixon, CA; SBH050) to each well. After
gently vortexing each plate, we covered the plates with Paraﬁlm
and incubated them at 39 C for 90 min. We then tilted plates for
20 min at room temperature before scanning them using a ﬂatbed
scanner at 600 dots per inch to quantify agglutination. Following a
70 min incubation at room temperature, we rescanned each plate
to quantify lysis. Plate images were independently scored by HB
and MG, without knowledge of the sample identity. Scores
obtained independently by two observers were repeatable (deter-
mined via the intraclass correlation coefﬁcient) for both lysis
(F62,62 = 7.26, r2 = 0.86, P < 0.0001) and agglutination (F62,62 = 39.2,
r2 = 0.98, P < 0.0001). Thus, average values were used in the analy-
sis. Lysis and agglutination were deﬁned as the lowest plasma con-
centration at which RBCs were ruptured and at which a compact
pellet of RBCs formed, respectively (Butler et al., 2013).
2.7. Hormone assays
We quantiﬁed plasma LH using a micromodiﬁcation of a previ-
ously described radioimmunoassay (Sharp et al., 1987). This
radioimmunoassay has been used extensively to quantify plasma
LH in a wide range of avian species (e.g., Fraley et al., 2013;
Schaper et al., 2012a), including many emberizid sparrows
(Deviche et al., 2012a, 2012b; Meddle et al., 2002; Wingﬁeld
et al., 2012). Brieﬂy, 20 ll of plasma sample or standard was mixed
with 20 ll of primary rabbit LH antibody and 20 ll of I125-labeled
LH for a total reaction volume of 60 ll. The primary antibody was
precipitated to separate free and bound I125 label using 20 ll of
donkey anti-rabbit precipitating serum and 20 ll of non-immune
rabbit serum. All samples were measured in a single assay, for
which the intra-assay coefﬁcient of variation was 3.6% and the
minimum detectable limit was 0.2 ng/ml.
We quantiﬁed plasma T using a commercial competitive
enzyme-linked immunoassay, according to the manufacturer’s
instructions (Enzo Life Sciences, Farmingdale, NY, USA). We vali-
dated this assay in the Abert’s Towhee by demonstrating paral-
lelism of a serially diluted plasma sample (4 to 64 dilutions)
with the standard curve using GraphPad Prism 5 (La Jolla, CA,
USA). Before assay, plasma was diluted 8 with assay buffer con-
taining steroid displacement reagent (Enzo Life Sciences; designed
to eliminate interference of binding globulins with antibody bind-
ing in the assay) at a concentration equal to 1% of plasma volume.
Samples were assayed in duplicate and randomly assigned to assay
plates, with a standard curve on each plate. The average detection
limit was 21.1 pg/ml. The average intra- and inter-assay coefﬁ-
cients of variation were 6.1% and 17.3%, respectively (n = 3 plates;
94 samples).
2.8. Statistical analysis
To test whether LULC differed between our study sites, we cal-
culated the proportion of each LULC classiﬁcation in the 1 km
radius area surrounding each study site. We then arcsine trans-
formed these values and used independent samples Student’s
t-tests to examine whether sites differed in the amount of imper-
vious surface, vegetation, and open water. To test if body condition
differed between the two habitats and/or changed over the course
of spring, we used an ANCOVA with habitat (urban vs. desert) as a
ﬁxed factor and day of year (Day 1 = January 1st) as a covariate. We
analyzed agglutination capacity using a similar ANCOVA model.
Because furcular fat score was an ordinal variable and lytic capac-
ity deviated from normality, we analyzed these data using aPlease cite this article in press as: Davies, S., et al. Advanced seasonal reproduct
ing hormone rise but not energetic status. Gen. Comp. Endocrinol. (2015), httpgeneralized linear model with a Poisson distribution. Testis vol-
ume, plasma T, and CP width data were log transformed prior to
analysis to attain normality. To test whether urban and desert
birds differ in vernal reproductive development, we used
ANCOVA with testis volume, plasma LH and T, or CP width as
dependent variables, habitat as a ﬁxed factor, and day of year as
a covariate. The interaction between habitat and the covariate
was non-signiﬁcant for all ANCOVA tests, demonstrating homo-
geneity of regression slopes. We also included year (2011 vs.
2012) as a ﬁxed factor in the full models, but found no effect of this
factor in any of the tests and so removed it from the models. Linear
regression analysis found no diurnal pattern in either plasma LH
(r2 = 0.01, P = 0.59) or plasma T (r2 = 0.01, P = 0.45), so time of cap-
ture was not included in either model. For all statistical analyses
we used PASW version 20.0 (SPSS Inc., Chicago, Illinois, USA) with
an alpha of 0.05. Data are presented as means ± standard errors of
the mean (SEM) and all graphs depict untransformed data.3. Results
3.1. Land use and land cover
Compared to desert sites, urban sites had a higher proportion of
impervious surface (urban: 38.8 ± 6.1%, desert: 0.9 ± 0.8%; t8 = 8.79,
P < 0.0001) and a lower proportion of vegetation (urban:
21.4 ± 4.7%, desert: 35.7 ± 2.0%; t8 = 2.55, P = 0.034; Fig. 1;
Table 1). However, the proportion of open water was similar
between the two study site types (urban: 6.6 ± 3.7%, desert:
14.1 ± 3.7%; t8 = 1.55, P = 0.16). This difference persisted when
swimming pools were excluded from the analysis (urban:
6.5 ± 3.2%, desert: 14.1 ± 3.7%; t8 = 1.71, P = 0.13). The desert sites
had a higher – although not signiﬁcantly different – proportion of
open water due to the presence of river beds, which were classiﬁed
as seasonal river. When river beds were removed from the analysis,
there was still no detectable difference in the proportion of open
water (urban: 6.4 ± 3.3%, desert: 2.5 ± 1.9%; t8 = 0.79, P = 0.45).
3.2. Reproductive development
Testis volume increased over the course of spring
(F1,76 = 143.52, P < 0.0001), and the slopes of the regression lines
were similar between the two habitats (F1,75 = 0.10, P = 0.32;
Fig. 2), indicating that the rate of testicular development did not
differ between urban and non-urban birds. However, the intercept
of the regression lines with the horizontal axis (sampling date)
when y is equal to the overall mean testis volume of the two pop-
ulations was less for urban than desert birds (F1,76 = 69.01,
P < 0.0001), indicating that urban birds began testicular develop-
ment earlier than did non-urban birds. Similarly, CP width
increased over the course of spring (F1,76 = 87.84, P < 0.0001;
Fig. 2) and the slopes of the regression lines were similar for birds
sampled in the two habitats (F1,75 = 2.39, P = 0.13). The intercepts
of the CP width regression lines with the horizontal axis when y
is equal to the overall mean CP width of the two populations was
less for urban than rural birds (F1,79 = 34.92, P < 0.0001), indicating
that urban birds developed CPs earlier than did non-urban birds.
3.3. Reproductive physiology
Plasma LH increased over the course of the spring (F1,73 = 35.73,
P < 0.0001), and the regression line slopes were similar between
the two habitats (F1,72 = 1.46, P = 0.23), indicating that the rate of
rise in LH secretion did not differ between urban and non-urban
birds (Fig. 3). However, the intercepts of the plasma LH regression
lines with the horizontal axis when y is equal to the overall meanive development in a male urban bird is reﬂected in earlier plasma luteiniz-
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Fig. 1. A map of the study area with land use and the study sites indicated (A), as well as representative pictures of the non-urban (B) and urban (C) study sites. The map was
made using data from the USGS National Map (http://nationalmap.gov/). Photographs B and C taken by P. Deviche.
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rise in plasma LH was earlier in urban than non-urban birds
(F1,73 = 6.49, P = 0.01; Fig. 3). Plasma T also increased over the
course of the spring (F1,77 = 9.39, P = 0.003), but did not differ
between urban and desert birds (F1,77 = 0.02, P = 0.90; Fig. 3).3.4. Further characterization of reproductive development
To test whether the relationships between plasma LH, testis
volume, CP width, and plasma T differed between urban and
non-urban birds, we used ANCOVAs with habitat as a ﬁxed factor.
However, habitat was not a signiﬁcant factor in any of the models
(plasma LH vs. testis volume: F1,76 = 1.09, P = 0.30; plasma LH vs.
plasma T: F1,76 = 1.95, P = 0.16; plasma LH vs. CP width:
F1,76 = 0.46, P = 0.50; testis volume vs. CP width: F1,76 = 0.002,
P = 0.97; testis volume vs. plasma T: F1,76 = 1.47, P = 0.23; plasma
T vs. CP width: F1,76 = 2.56, P = 0.11), indicating that the two groups
were homogenous. We, therefore, combined data from the two
habitats. Linear regression revealed that plasma LH was positively
related to testis volume (r2 = 0.31, P < 0.0001), plasma T (r2 = 0.06,
P = 0.034), and CP width (r2 = 0.36, P < 0.0001; Fig. 4). Furthermore,
CP width was positively related to testis volume (r2 = 0.59,
P < 0.0001; Fig. 5); however, plasma T was related to neither CP
width (r2 = 0.01, P = 0.50) nor testis volume (r2 = 0.04, P = 0.079;
Fig. 5).3.5. Energetic status
Furcular fat score was similar between urban and non-urban
birds (v21 = 0.24, P = 0.63) and did not change over the course of
spring (v21 = 0.76, P = 0.38; Fig. 6). Body condition was also similarPlease cite this article in press as: Davies, S., et al. Advanced seasonal reproducti
ing hormone rise but not energetic status. Gen. Comp. Endocrinol. (2015), httpbetween habitats (F1,76 = 0.051, P = 0.82) and did not change over
the course of spring (F1,76 = 0.53, P = 0.47; Fig. 6).3.6. Immune performance
Lytic capacity was similar between habitats (v21 = 1.97, P = 0.16)
and did not change over the course of spring (v21 = 0.02, P = 0.89;
Fig. 7). Agglutination capacity was also similar between habitats
(F1,56 = 0.60, P = 0.44), but there was a (non-signiﬁcant) trend toward
an increase in capacity over the course of spring (F1,56 = 3.826,
P = 0.055; Fig. 7).4. Discussion
We found that urban male Abert’s Towhees activated their HPG
axis, as assessed by plasma LH, testis volume, and CP width, earlier
than their non-urban, desert conspeciﬁcs. This observation is con-
sistent with previous studies on other urban species of birds
(Deviche et al., 2010; Partecke et al., 2005; Schoech and
Bowman, 2003). Assuming that the testes are functional (i.e., pro-
duce sperm) at approximately half maximum size (Partecke et al.,
2005; Young et al., 2001), the results suggest that urban male
Abert’s Towhees are capable of breeding approximately 32 days
earlier than their desert conspeciﬁcs (as estimated by the inter-
cepts of the testis volume data). Although we did not measure
lay date and further research is, therefore, necessary to demon-
strate that the two populations differ in their actual onset of breed-
ing, the present observations are consistent with the proposition
that earlier gonad development plays a role in advancing the
breeding phenology of urban bird populations (Chamberlain
et al., 2009; Deviche and Davies, 2014; Partecke et al., 2005).ve development in a male urban bird is reﬂected in earlier plasma luteiniz-
://dx.doi.org/10.1016/j.ygcen.2015.05.005
Fig. 2. The vernal development of testis volume and cloacal protuberance width
was advanced in free-ranging Abert’s Towhees, Melozone aberti, inhabiting urban
(ﬁlled circles) localities in Phoenix, AZ, USA compared to their non-urban, desert
conspeciﬁcs (open triangles). Each point represents one individual. On the
horizontal axes, 1 = January 1st.
Fig. 3. Free-ranging urban male Abert’s Towhees, Melozone aberti, (ﬁlled circles)
increased plasma levels of luteinizing hormone, but not plasma testosterone, earlier
than did non-urban, desert towhees (open triangles). Each point represents one
individual. On the horizontal axes, 1 = January 1st.
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and/or onset of breeding in urban birds are adaptive remains
unclear and potential population-level effects of this phenomenon
require scrutiny. Indeed, the few studies that have examined
reproductive success in urban versus non-urban birds suggest that
it is highly variable and additional research is needed on this topic
(reviewed by Chamberlain et al., 2009). We are not aware of any
study that has tested whether vertebrate classes other than birds
also advance the timing of reproductive development or breeding
in urban areas. Many ﬁsh, amphibian, reptile and mammal species
inhabit urban areas around the world. Since the timing of breeding
has a strong inﬂuence on reproductive success, differences in the
timing of breeding associated with inhabiting urban areas may
determine the presence and abundance of vertebrates in urban
areas. These vertebrate classes warrant investigation to reveal
whether modiﬁed timing of reproductive development or breeding
is a general response of vertebrates to urban areas, as well as to
enable an evidence-based approach to conservation of urban
populations.
4.1. Energetic constraints
To investigate whether reproductive development is con-
strained by a bird’s energetic status, we examined whether urban
and desert Abert’s towhee populations differed in fat stores, body
condition, and innate immune performance, as assessed by plasma
lysis and agglutination capacity. If desert towhee populations
develop their reproductive system later than their urban con-
speciﬁcs due to an energetic constraint, we predicted correspond-
ing disparities in fat stores and body condition between the twoPlease cite this article in press as: Davies, S., et al. Advanced seasonal reproduct
ing hormone rise but not energetic status. Gen. Comp. Endocrinol. (2015), httppopulations. However, this was not the case. Furthermore, neither
fat stores nor body condition changed over the course of the spring.
Life history theory predicts that when resources are limited there is
a resource allocation trade-off between reproduction and
self-maintenance (Stearns, 1989), in which allocation to reproduc-
tion comes at a cost to somatic processes, such as immune function
(Zera and Harshman, 2001). If a disparity in energetic status plays a
role in the difference in timing of reproductive development
between urban and desert male towhee populations, we, therefore,
also predicted population differences in lysis and agglutination
capacity. Again, this was not the case. Therefore, multiple lines of
evidence provide no support for the hypothesis that energetic con-
straints limit reproductive development of desert male Abert’s
Towhees compared to their urban conspeciﬁcs. We cannot exclude
the possibility that there was indeed a difference in body condition
that our measurement of body mass did not detect. However, such
a difference would be small (i.e., less than 0.5 g or 1% of the average
Abert’s Towhee body mass). We also stress that plasma lysis and
agglutination capacity does not provide a comprehensive evalua-
tion of all aspects of immune performance, and we cannot exclude
the possibility that urban and desert towhees may differ in other
aspects of their immune system. Furthermore, we cannot exclude
a role for energetic status in female Abert’s Towhees, whereby
energetic status may be more important in modulating reproduc-
tive development of females than males. A study of Florida
Scrub-jays, Aphelocoma coerulescens, opposes this proposition,
however, because urban females bred earlier than their
non-urban conspeciﬁcs and had higher plasma protein levels, but
did not differ in body condition, total body lipids, or plasma cal-
cium (Schoech and Bowman, 2003). Similarly, urban male and
female European Blackbirds, Turdus merula, developed their gonadsive development in a male urban bird is reﬂected in earlier plasma luteiniz-
://dx.doi.org/10.1016/j.ygcen.2015.05.005
Fig. 4. Plasma luteinizing hormone was positively related to testis volume, plasma
testosterone, and cloacal protuberance width in free-ranging Abert’s Towhees,
Melozone aberti. Each point represents one individual.
S. Davies et al. / General and Comparative Endocrinology xxx (2015) xxx–xxx 7earlier than non-urban conspeciﬁcs, but body mass did not differ
between the populations and fat stores were actually lower in
the urban blackbirds (Partecke et al., 2005). Taken together, these
results provide little support for the hypothesis that the delay in
reproductive development observed in non-urban birds results
from these birds being energetically constrained.Fig. 5. Relationships between testis volume, cloacal protuberance width, and
plasma testosterone in free-ranging Abert’s Towhees,Melozone aberti. Testis volume
was not related to plasma testosterone, but was related to cloacal protuberance
width. There was also no relationship between plasma testosterone and cloacal
protuberance width. Each point represents one individual. For the day of year axis,
1 = January 1st.4.2. Supplementary environmental cues
Our ﬁndings are, however, consistent with the hypothesis that
differences in information provided by environmental cues in
urban versus desert areas account for the advanced timing of
reproductive development in urban birds. The pattern of seasonal
reproductive development during increasing spring day lengths isPlease cite this article in press as: Davies, S., et al. Advanced seasonal reproducti
ing hormone rise but not energetic status. Gen. Comp. Endocrinol. (2015), httpconsistent with the Abert’s Towhee being photoperiodic and using
increasing day length as the initial predictive cue to initiate endo-
crine activity of the HPG axis and reproductive development. This
proposition is also supported by the results of captive studies in
which towhees developed their testes in response to long artiﬁcial
photoperiod (S. Davies, unpublished data). Urban and desert sites
in the present study are located at similar latitudes and the
advancement in reproductive development of urban relative to
desert towhees is, therefore, not due to differences in natural day
length. A wealth of studies indicate that supplementary environ-
mental cues, such as artiﬁcial light, ambient temperature, plant
growing seasons, and food supply, differ between urban and
non-urban areas. However, urban areas are heterogeneous, com-
prising of various habitat types (residential, industrial, riparian,ve development in a male urban bird is reﬂected in earlier plasma luteiniz-
://dx.doi.org/10.1016/j.ygcen.2015.05.005
Fig. 6. Body condition and furcular fat stores were similar in free-ranging Abert’s
Towhees, Melozone aberti, inhabiting urban (ﬁlled circles) and non-urban, desert
(open triangles) localities in and around Phoenix, AZ, USA. Each point represents
one individual. On the horizontal axis, 1 = January 1st. Note that the trend lines are
not signiﬁcant.
Fig. 7. Immune performance, as measured by lysis and agglutination capacities,
was similar in free-ranging Abert’s Towhees, Melozone aberti, inhabiting urban
(ﬁlled circles) and non-urban, desert (open triangles) localities in and around
Phoenix, AZ, USA. Each point represents one individual. On the horizontal axis,
st
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teristics and, therefore, also potential cues that urban birds use to
regulate their reproductive system activity. Whether the latter is
the case cannot be determined from the present data and warrants
further research.
Artiﬁcial light is a ubiquitous characteristic of urban areas
(Gaston et al., 2013) and may contribute to advancing the timing
of seasonal reproductive development (Kempenaers et al., 2010),
such as observed in the current study. This difference may result
from direct stimulation of the HPG axis, whereby artiﬁcial light
directly activates hypothalamic encephalic receptors and leads to
a false perception of longer days earlier in the season. However,
as yet, there is limited evidence for such a direct effect and ﬁndings
from studies in controlled laboratory conditions are contradictory
(Deviche and Davies, 2014; Dominoni et al., 2013; Schoech et al.,
2013; Spoelstra and Visser, 2014). Furthermore, the spectral sensi-
tivity of avian hypothalamic encephalic receptors suggests that
direct activation of the HPG axis by urban light is unlikely
(Deviche and Davies, 2014). Additional studies are necessary, how-
ever, to elucidate whether artiﬁcial lights in urban areas directly
stimulate the HPG axis and cause the earlier reproductive develop-
ment observed here or, instead, exert indirect effects on reproduc-
tive development (e.g., by changing behavior; Deviche and Davies,
2014; Spoelstra and Visser, 2014).
The process of urbanization, particularly the replacement of
vegetation and evaporative soil surfaces with impervious,
low-albedo paving and buildings, causes urban areas, including
Phoenix (Buyantuyev and Wu, 2010), to be warmer thanPlease cite this article in press as: Davies, S., et al. Advanced seasonal reproduct
ing hormone rise but not energetic status. Gen. Comp. Endocrinol. (2015), httpnon-urban areas, and creates ‘urban heat islands’ (Imhoff et al.,
2010). The seasonal growth of many plants and the emergence of
many arthropods are temperature-dependent (van Asch and
Visser, 2007). Accordingly, evidence suggests that the urban heat
island effect advances the timing of the vernal increase in plant
growth in urban areas (Buyantuyev and Wu, 2009, 2012; Imhoff
et al., 2004). Warmer spring temperatures are associated with ear-
lier seasonal breeding in wild birds (Visser et al., 2006; Williams,
2012). Studies in controlled laboratory settings also suggest that
ambient temperature plays a role in the timing of reproductive
development (Schaper et al., 2012b). It is conceivable, therefore,
that the elevated ambient temperatures in urban areas advance
reproductive development of urban birds. However, the average
increase in urban ambient temperature is relatively small (i.e., just
a few degrees; Imhoff et al., 2010) and we are not aware of any evi-
dence that such small increases by themselves sufﬁce to cause dif-
ferences in the phenology of reproductive development of birds
(Deviche and Davies, 2014). We are also not aware of studies with
sufﬁcient temporal resolution to test whether urban areas are
associated with advances in the phenology of arthropod emer-
gence, but long-term studies of caterpillar phenology demonstrate
that the peak in caterpillar abundance is highly synchronized with
tree phenology (van Asch and Visser, 2007; Visser et al., 2006). If
the timing of arthropod emergence parallels the advanced plant
growing season in urban areas, we predict that arthropod abun-
dance will increase earlier in the year in urban areas compared
to non-urban areas. Many bird populations synchronize breeding
with the peak in food availability (Visser et al., 2006), and may
use the timing of plant and/or arthropod phenology as1 = January 1 . Note that the trend lines are not signiﬁcant.
ive development in a male urban bird is reﬂected in earlier plasma luteiniz-
://dx.doi.org/10.1016/j.ygcen.2015.05.005
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tions. We, therefore, suggest that the advances in reproductive
development of urban male Abert’s Towhees are associated with
advances in the timing of plant growth, which itself may cause
early arthropod emergence. Human-provided food, such as from
feeders and discarded food waste, available in urban areas may
constitute an additional environmental cue, giving birds the per-
ception that local food availability peaks earlier in urban areas
compared to non-urban areas (Deviche and Davies, 2014).
4.3. Physiological mechanisms
To shed light on the physiological mechanism responsible for
modulating reproductive development to urban areas, we exam-
ined whether the advanced reproductive development of male
Abert’s Towhees in Phoenix is associated with an earlier increase
in endocrine activity of the HPG axis. Consistent with its pivotal
role in gonad development, plasma LH increased earlier in urban
than desert towhees, and levels of this hormone were related to
testis volume. Our results suggest, therefore, that the earlier
increase in plasma LH of urban towhees contributes to the
advanced reproductive development of this population. However,
plasma T was similar between the populations and was not corre-
lated with testis volume. This ﬁnding suggests that the timing of
reproductive development in male Abert’s Towhees is adjusted to
urban areas, at least partly, as a result of an earlier increase activity
of the anterior pituitary gland and/or hypothalamus. Furthermore,
we suggest two non-mutually exclusive hypotheses to account for
the ﬁnding that plasma T was similar between urban and desert
towhees – despite plasma LH being higher in urban towhees.
First, plasma levels of LH are more temporally stable than are levels
of T, and, hence, plasma LH is a better predictor of gonad develop-
ment. In support of this proposition, plasma T has a shorter
half-life and is more responsive to stimuli such as acute stress than
plasma LH (Deviche et al., 2012a, 2012b; Norris, 2007). Our second
hypothesis is that there may be a habitat-related difference in the
regulation of gonadal endocrine function in response to LH stimu-
lation. That is, a given plasma concentration of LH may elicit more
plasma T production in desert towhees, due to, for example, differ-
ences in LH receptor density and/or the activity of enzymes
involved in T production between the populations.
The endocrine control of reproductive development and/or lay
date of urban and non-urban bird populations have been compared
in just two other species, to our knowledge, and the ﬁndings of
these studies are inconsistent. For example, despite developing
testes 20 days earlier than non-urban European Blackbirds, urban
male blackbirds had lower plasma LH and T (Partecke et al.,
2005). Urban female European Blackbirds, on the other hand,
which developed follicles 28 days earlier than non-urban black-
birds, had similar plasma LH and E2 to non-urban blackbirds
(Partecke et al., 2005). By contrast, a 20 day earlier initiation of ﬁrst
clutches in urban female Florida Scrub-jays was mirrored by an
earlier increase in plasma LH, but not E2 (Schoech and Bowman,
2003). Thus, the association between reproductive development
(i.e., testis volume and CP width) and endocrine activity of urban
and non-urban bird populations appears to be variable. Although
few studies simultaneously examine reproductive development,
endocrine activity, and lay date, the available evidence suggests
that a lack of association between these parameters is widespread
(Caro et al., 2006; Schaper et al., 2012a). The apparent lack of asso-
ciation between plasma T and testis development may be
accounted for by differences in the effects of photoperiod on
plasma LH versus plasma FSH. In the White-crowned Sparrow,
Zonotrichia leucophrys, and the Great Tit, Parus major, plasma LH
and, in turn, plasma T peak substantially before the testes reach
their maximum development, and levels of these hormones fallPlease cite this article in press as: Davies, S., et al. Advanced seasonal reproducti
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FSH, on the other hand, increases later than plasma LH and reaches
it peaks around the time of breeding (Silverin et al., 1997). The
available evidence, therefore, suggests that, although plasma levels
of reproductive hormones are broadly indicative of the timing of
breeding in birds, these levels do not consistently reﬂect
ﬁne-scale (i.e., a month or less) differences in breeding between
populations. Future research on avian reproductive ecology –
including populations in urban areas – may beneﬁt from measur-
ing not only plasma levels of reproductive hormones, but also hor-
mone receptor densities in target tissues and factors downstream
of hormone binding. In support of this, studies on the endocrine
control of behavior in birds have found that steroid receptor den-
sity often predicts the occurrence of steroid-dependent behaviors
better than do plasma hormone levels (e.g., Horton et al., 2014).
4.4. Conclusions
A burgeoning body of research demonstrates that birds adjust
to urban areas by breeding earlier than their non-urban con-
speciﬁcs at the same day length. However, the underlying cause
of this difference is unclear. We found that urban male Abert’s
Towhees developed their gonads and secondary sexual organs ear-
lier than did their desert conspeciﬁcs. These results add to the
mounting evidence indicating that urban birds develop their repro-
ductive system earlier than do their nearby non-urban con-
speciﬁcs. Our results suggest that urban and desert towhees are
in similar energetic status and that the earlier reproductive devel-
opment of urban birds is potentially due to differences in the tim-
ing and/or strength of information provided by environmental cues
in urban versus desert areas. We, therefore, encourage future
research to focus on potential environmental cues that differ
between urban and non-urban areas. Prominent candidates
include the timing of seasonal increase of plants and food supply.
The physiological mechanism responsible for differences in timing
of reproductive development remains unclear, but our results sug-
gest that the advanced reproductive development of urban
towhees arises from an earlier increase in endocrine activity at
the anterior pituitary gland and/or hypothalamic level.
5. Data accessibility
Data are permanently deposited and available in the NSF LTER
Network database (link: http://caplter.asu.edu/data/data-catalog/
?id=613).
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